As a complex system, the control performance of small unmanned aerial rotorcraft is easily affected by the dynamic model errors, measurement errors, and environment disturbances. This paper proposes a disturbance observer based control method to improve performance. The disturbance observer based control is constructed by the feedback control and a series of integral filters. The system stability can be guaranteed by the feedback control method. Furthermore, the disturbances can be estimated and eliminated quickly by the integral filters. Therefore, the control performance can be improved effectively. The control performance of the disturbance observer based control has been validated by a series of flight tests. Compared with feedback control, the disturbance observer based control yields a better tracking performance in the presence of disturbances.
Introduction
With the ability of taking off and landing vertically, as well as hovering, small unmanned aerial rotorcrafts (SUARs) have been widely used in many fields, including city map data acquisition, road traffic monitoring, and power line inspection [1] [2] [3] .
Since there exist dynamic model errors, measurement errors, and environment disturbances in the flight process of SUAR system, it is hard to realize stable control [4] . Therefore, how to improve the control performance for SUAR system has attracted many attentions in recent years [5] . PID, robust control, and intelligent control methods have been proposed for SUAR system [6] [7] [8] [9] [10] [11] [12] . Due to its simple structure, PID control method is often used in SUAR systems [13, 14] . However, PID control has little robustness to environment disturbances. With high performance in dealing with system disturbances, Robust control, such as 2 , ∞ , and LQR, are often used to improve system stability [15, 16] . Robust control has its limitation in system dynamic response characteristics. Intelligent control can cope with parameter uncertainties effectively [17, 18] . But it needs a lot of training time and sample data to realize stable control [19] .
Generally, there exist dynamic model errors, measurement errors, and environment disturbances for SUAR system. The dynamic model errors and measurement errors can be treated as disturbances with certain bound. Disturbance observer based control strategies have been applied in many control areas to improve control performance [20, 21] . With the disturbance observer based control, system disturbances can be estimated and compensated effectively. The objective of this paper is to propose a disturbance observer based control method to improve system stability and dynamic response performance. The disturbance observer based control is constructed by the feedback control and a series of integral filters. The system stability can be guaranteed by the feedback control method. Furthermore, the disturbances can be estimated and eliminated quickly by the integral filters. Therefore, the control performance can be improved effectively.
This paper is organized as follows. Section 2 describes the dynamic model of SUAR system. In Section 3, the disturbance observer based control method is presented, and system stability is proved by the Lyapnov function. Then, a series of flight tests validate the effectiveness of the proposed control method in Section 4, followed by the conclusion in Section 5.
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Dynamic Model of SUAR System
The dynamic model of SUAR can be derived from a rigid body with six degrees of freedom. The main rotor, tail rotor, horizontal tail, vertical tail, and fuselage generate control forces and moments to realize stable control. Therefore, the dynamic model of SUAR can be defined as follows: is the system inertial tensor. Based on the Newton-Euler equations, the line motion and angular motion of SUAR system can be derived from (1) , that is,̇=
where , , are the pitch, roll, and yaw angle in earth coordinate frame, respectively. The subscript mr, fus, tr, vf, and ht indicate the forces or moments generated by the main rotor, fuselage aerodynamics effects, tail rotor, vertical fin and horizontal tail, respectively. Since weight force acts in the vertical position, it does not produce a moment directly. The corresponding forces generated by the weigh force are introduced by coordinate transformation. is the torque produced by the tail rotor to counteract with the aerodynamic torque on the main rotor blades.
With the relationship between the earth coordinate frame and body coordinate frame, the kinematic transformation matrix of SUAR system can be described by the Euler angles, that is, 
For SUAR system, Bell-Hiller stabilizer bar is used as a lagged rate feedback to improve system stability. Since the flapping motion is a periodic motion, the general solution for the flapping equation can be represented by an Infinite Fourier Series. Therefore, the dynamic model of rotor flapping motion can be defined as follows:
where 1 and 1 are longitudinal blade angle and lateral blade angle, respectively. 1 and 1 are longitudinal cyclic input and lateral cyclic input, respectively. , , 1 , 2 are identification parameters. With the small perturbation theory, the dynamic equation and kinematic equation of SUAR can be linearized to reduce computation complexity. Therefore, the dynamic model of SUAR can be constructed as follows:
where = [ , , , , V, , , , , 1 , 1 ] ∈ is state variable, representing the corresponding angle, velocity, angle velocity, and blade angle information.
is control input, representing longitudinal cyclic input, lateral cyclic input, collective and heading, respectively. and are the dimension of state variable and control input, respectively. ∈ × and ∈ × are the coefficient matrixes. ∈ is the bounded disturbance, denoting wind disturbances, atmospheric turbulences, measurement errors, and system parametric uncertainties of SUAR system.
Assumption 2. The disturbance ( ) is bounded with an unknown bound.
The control objective is to construct the control strategy to estimate and eliminate the disturbances effectively.
Disturbance Observer Based Control
From Assumption 1, the SUAR system is controllable. Thus, the control input can be constructed by two parts. One is the state feedback control input ( ), and the other is the estimation of system disturbanceŝ( ), that is,
wherê( ) is the estimation value of system disturbances, and is the weight matrix of the feedback control. Therefore, the dynamic model of the SUAR system can be transformed as follows:
Define the error between the desired state variable and the real state variable as
Therefore, the error dynamic model can be defined as follows:̇(
where ( ) = ( ) + ( + ) −̇. Since ( ) is the state variable with upper bound,̇( ) is the state variable with upper bound. Based on Assumption 2, ( ) is the system disturbance with bound. Thus, ( ) is a function vector with bound. If the disturbance ( ) can be estimated by the disturbance observer̂( ), the control performance can be improved effectively.
Lemma 1. Considering the following integral filters:
( ) = − ( ) + ( − ) − (0) + ∫ 0 − ( − ) ( ) , ( ) = −̂( ) + ( − ) −̂( 0) + ∫ 0 − ( − )̂( ) ,(10)
where and are positive constant values. (0) and̂(0) are initial values, and̂( ) is the estimation value of ( ).
Define the error between the estimation valuê( ) and real value ( ) as̃(
With the integral filters, the true value ( ) can be converged by the estimation valuê( ) quickly, that is,
where , are positive constant values. The estimation valuê( ) can be obtained from the following integral equation:
where where
( ) . The proof can be found in Appendix A. Lemma 1,  with the controller (6) and the observer (10), the system (5) is stable. The system disturbances can be estimated and eliminated effectively, and the tracking error → 0, as → ∞.
Theorem 2. According to
The proof can be found in Appendix B.
Flight Test
The SUAR system is constructed by a radio-controlled hobby helicopter, shown in Figure 1 . The SUAR is 1.46 m in span and 1.3 m in length. The total weight is 5 kg. The SUAR is powered by a piston engine running on a mixture of methanol and oil. Five motors are used to control throttle, longitudinal cyclic input, lateral cyclic input, collective and heading. With the constraint of weight and size, the micro guidance, navigation and control (MGNC) system with small weight is developed to realize stable control, shown in Figure 2 . The MGNC is only 207 g. It consists of a horizontal main board, housing three angular rate gyros and two 2-axis accelerometers. The angular rate gyro employs the LCG50 gyro that the constant drift is 80 degree/hour. The accelerometer employs the Model 1221 that the bias is 1 mg. The Novatel RTK DGPS is utilized to provide position and velocity information. And the bias error is 0.3 m. Furthermore, the compass that was generated by the Honeywell is used to provide heading information and the measurement error is less than 1 degree. Moreover, Motorola MPXA 6115 is chosen as the barometer to provide altitude information. Based on the ARM chip AT91RM200 and a DSP chip ADSP21364, MGNC system can get sensor information from angular rate gyros, accelerometers, DGPS, and barometer sensors. With the adaptive KF algorithm, the attitude error in pitch and roll angles are less than 0.5 degree, and the error for yaw angle is less than 0.8 degree. The navigation frequency is 50 Hz [20] .
The flight control system of SUAR is composed by the flight scheduling layer and the kernel control layer. The flight scheduling layer is to guarantee the trajectory following performance for the preschedule flight tasks. Based on the DGPS and compass information, system generates the planned attitude angles to keep it asymptotically stable. The kernel control layer is to realize attitude control. Based on the proposed method, the system adjusts throttle, longitudinal cyclic input, lateral cyclic input, collective and heading to realize high performance control. The update cycles of the kernel control layer and the flight scheduling layer are 20 ms and 100 ms, respectively.
With the adaptive GA, the weight matrixes ∈ × and ∈ × can be got from the flight data [21] : 
Based on the pole assignment theory, the feedback control matrix can be defined as To test the effectiveness of the disturbance observer based control method, a comparison flight test between the feedback control and the disturbance observer based control has been done on the SUAR system. The same feedback control parameter was chosen for the feedback control method and the disturbance observer based control method. The flight task included a straight flight with low speed and a hovering flight test. The start point was set as (0, −100, 20), and the end point was set as (0, 0, 20). The SUAR flied from the start point to end point directly and then hovered at the end point. The largest and the smallest wind disturbances were 4.37 m/s and 2.41 m/s, respectively. The flight trajectories generated by the feedback control method and the disturbance observer based control are shown in Figure 3 the maximum deviation from the planned trajectories and the mean deviation error generated by the disturbance observer based control are 0.37 m and 0.18 m, respectively, that are nearly 38 percent of the values generated by the feedback control method. For the feedback control method, there exists a large distance deviation from the end point due to wind disturbance, and the maximum deviation is 1.97 m. The disturbance observer based control can make a good estimation for wind disturbances, and the maximum distance deviation from the end point is 0.35 m. The largest pitch and roll angles are 2.1 degree and 4.2 degree, respectively, that are the permission range of SUAR system. were set as the hovering points. When the SUAR received the auto pilot command, it hovered at the point 1, and then adjusted the heading based on the coordinate relationship between point 1 and point 2. When the error of position and speed satisfied the criteria threshold of hovering stage, the SUAR flied to point 2. With the same flight process, the SUAR cruised hovering point 1-8 and then hovered at the point 1. In the flight process, the SUAR pulled up the height from point 3 to point 4, and dropped the height form point 7 to point 8. The wind disturbance was from 2.3 m/s to 3.8 m/s, measured by the anemometer. The 3D flight trajectories and the projection of 3D flight trajectories on the coordinate plane of the east and north are shown in Figures 6 and 7 , respectively. The dot line, solid line, and dash line are the planned trajectories, the control trajectories generated by the disturbance observer based control and the feedback control, respectively. The corresponding pitch and roll angles are shown in Figures 8 and 9 , respectively. For the disturbance observer based control, the maximum deviation error is 1.21 m that is similar with value generated by the feedback control method, but the mean error is 0.47 m that is nearly 68 percent of the mean error generated by the feedback control method. In the flight process, the disturbance observer based control could make a good estimation for system disturbances and made the corresponding adjustments to improve control performance. The ranges of pitch angle and roll angle are 9.3 degree and 3.1 degree, respectively, that is less than the values generated by the feedback control method. The pitch angles of the SUAR using the feedback control and the disturbance observer based control.
Conclusion
In this paper, a disturbance observer based control method is proposed to deal with system disturbances in flight process. Based on the feedback control, system stability can be guaranteed. With a series of integral filters, the disturbances can be estimated and eliminated quickly, thus the control performance can be improved effectively. The effectiveness of the disturbance observer based control has been demonstrated by a series of hovering and straight flight tests for the SUAR system. The maximum deviation from the planned trajectories and the mean position error generated are 0.37 m and 0.18 m, respectively, in the straight flight process, that are nearly 38 percent of the values generated by the feedback control method. Since the same feedback control parameters are used for the disturbance observer based control method and feedback control method, the flight tests show that the disturbance observer based control can make a good estimation for system disturbances and improve the control performance effectively.
Appendices
A. Proof of Lemma 1
Consider the following differential equation:
Its solution iŝ( ) = (1 − − ) ( ) + − (0). Thus,̂( ) can converge to ( ) quickly. For (10), the solution iŝ
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where
Defining the auxiliary variable
Submitting (A.5) and (A.6) into (A.3)
The solution is
..
Differentiating (A.6), then ..
Φ ( ) =̃( ) (A.10)
Submitting (A.10) to (A.9) The proof is completed.
B. Proof of Theorem 2
According to Lemma 1, the error between the estimate value and the real disturbance is That is, the error dynamic model of the SUAR system is asymptotically stable.
Then, it can prove that the tracking error → 0, as → ∞. The proof is completed.
